The Nitty-Gritty of Protein Interactions  by Schreiber, Gideon
Structure, Vol. 13, 1737–1743, December, 2005, ª2005 Elsevier Ltd All rights reserved. DOI 10.1016/j.str.2005.11.001PreviewsThe Nitty-Gritty
of Protein Interactions
In this issue of Structure, Cho et al. (2005) provide a
detailed structural analysis of the molecular mecha-
nism of affinity maturation for the murine T cell recep-
tor Vb domain. Information from nine X-ray structures
of combinations along the maturation pathway and
comprehensive thermodynamics reveal the fine de-
tails of high-affinity binding.
Proteins are amazing molecules with almost endless dif-
ferent abilities. One crucial capacity is to communicate
specifically with other macromolecules, many of them
being other proteins. These interactions control many
aspects of life, including in the immune system. In this
issue of Structure, Cho and colleagues provide fascinat-
ing insight into the maturation process and high-affinity
binding of the protein-protein interaction between the
murine T cell receptor (TCR) Vb8.2 domain (Vb) variants
and the superantigen staphylococcal enterotoxin C3
(SEC3) (Cho et al., 2005).
Studying the protein-protein interactome in yeast has
shown that, on average, each protein is involved in
about eight interactions with other proteins. The esti-
mate is that for human proteins this number will be
even larger. The human genome project revealed all
the protein-coding genes, a surprisingly small number
(w20,000). However, proteins by themselves are only
building blocks of larger macromolecular complexes, al-
lowing for a huge variety of biological processes. Protein
complexes come in many different forms. Some are
made to be permanent while many others are of tran-
sient nature; some bind tightly while other bind weakly;
some form pairwise interactions while others form multi-
meric large complexes. The forces underlying the pro-
cess of protein complexation are similar despite the
large range of resulting affinities (from fM to mM) and
high degree of specificity (allowing for interacting pro-
teins to find each other within seconds in the crowded
milieu of the intracellular environment). The biophysical
factors that contribute to protein complex formation,
such as van der Waals interactions, hydrogen bonding,
shape and charge complementarity, and the hydropho-
bic effect, have been studied intensively. Yet, we are still
short of understanding or predicting binding energies
even for the simple case of single mutations, particularly
if those are not mutations to alanine (Guerois et al., 2002;
Nooren and Thornton, 2003; Kortemme et al., 2004;
Reichmann et al., 2005). To advance our theoretical
knowledge of the relation between structure and the en-
ergetics of binding, one has to rely on precise informa-
tion about the structural consequences of mutation.
Due to lack of good data, most calculations assume
structural rigidity (at least of the backbone) upon
mutation; however, this assumption is in many cases
not precise.The work presented by Cho et al. (2005) provides a de-
tailed picture of the structural and thermodynamic basis
of affinity maturation between Vb and SEC3. This model
system exhibits a 1500-fold increase in affinity upon
maturation (Yang et al., 2003), which makes it one of
the most highly affinity-matured protein-protein sys-
tems characterized structurally to date. The findings of
this study are not only important in understanding TCR
maturation, but also in understanding the underlying
principles of high-affinity binding between proteins. All
in all, the investigators determined the structure of
nine Vb variants along the maturation pathway (three
of them solved in complex with SEC3 and 6 as apo pro-
teins), providing molecular snapshots of protein inter-
face remodeling events that span the breadth of the af-
finity maturation process and present a comprehensive
structural view of affinity maturation. The affinity matu-
ration process of Vb is accompanied by a change of
nine amino acids. Out of those, only four are located at
or near the SEC3 binding site. An additional mutation
(E80V) contributes toward the long-range electrostatic
complementarity of the binding site for the antigen and
toward the rate of association while being located out-
side the physical binding site. This fits previous obser-
vations that long-range electrostatic forces contribute
significantly toward the rate of association (Selzer and
Schreiber, 2001). The detailed structural information
given in this paper includes changes accompanying sin-
gle mutations as well as combinations of mutations, us-
ing either the low-affinity unmatured Vb or the matured,
high-affinity Vb binding receptor as a starting point. By
doing so, the additive versus cooperative nature of the
maturation mutations comes to light, with most combi-
nations being additive. Interestingly, negative coopera-
tivity was found between the A52V and S54N maturation
mutations, which is explained by the opposite structural
effects on the conformation of the CDR2 loop induced
by the two mutations. The authors present a detailed
analysis of the causes underlying the change in binding
upon mutation.
No magic bullet is found to give a simple ultimate
answer to the question of what dictates affinity. The
authors demonstrate very nicely that the devil is in the
details, and that small perturbations in structure, H bond-
ing, buried surface area, improved shape complemen-
tarity, and cooperativity each contribute small effects to
binding, but that adding up these effects results in an
overall large change of the affinity. Moreover, the au-
thors present mutant structures of both the bound and
apo form of Vb, isolating protein folding and stability
effects from the binding effects of the mutations and
demonstrating how small structural adjustments may
be part of the maturation process.
So, is this detailed analysis worth doing? The answer
is clearly yes, as only this kind of thorough analysis can
bring an improved understanding of the process of mo-
lecular recognition, which in turn will lead to an increase
in our ability to predict the consequences of mutations.
Despite the impressive advances made in this field
(Kuhlman et al., 2003; Looger et al., 2003), we currently
Structure
1738do not have the knowledge needed for designing tighter
binding protein complexes, and we rely on various com-
binatorial methods (Binz et al., 2005). The results pre-
sented by Sundberg and colleagues add greatly to the
infrastructure necessary to build better, more precise
methods for protein design purposes.
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A PRD1 by Another Name?
The extraordinary quality of the 7.3 A˚ map of the
Bam35 virus (Laurinma¨ki et al., 2005; this issue of
Structure) allows analysis of the relationship between
lipid bilayer curvature and transmembrane protein lo-
cation, and highlights its conserved structural fea-
tures with membrane bacteriophage PRD1.
Membranes play key roles in biology by dividing the cell
into distinct environments and controlling traffic be-
tween them. Membrane-containing viruses allow the
application of the tools of structural biology to defined
units of membrane structure.
The Bam35 structure (Laurinma¨ki et al., 2005) allows
us to address a number of open questions in membrane
structure, including the architecture of functional mem-
brane assemblies, the influence of an intrinsic membrane
protein on membrane structure, and the nature of the
sites which mediate genome transfer. The choice of
the Bam35 virus was propitious for Butcher and co-
workers. The structure of the membrane virus PRD1
was recently determined to approximately 4 A˚ (Abrescia
et al., 2004, Cockburn et al., 2004). The solution of the
structure used a refined cryo-EM map (San Martin
et al., 2002) originally determined by an author of this
paper as her doctoral thesis project (Butcher et al.,
1995). The hosts for Bam35 and PRD1 are believed to
have diverged over a billion years ago, so the similarities
between the two provide examples of conservation due
to shared structural roles rather than in response to
features of two quite distinct host environments. Conse-
quently, the phenomena shown by the comparison of the
structures are seen in an evolutionary context.
The crystallization of PRD1 resulted from a sustained
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this virus would be a particularly advantageous target
for structural biology. This virus contains its membrane
within a protein shell so that its description as an ‘‘envel-
oped’’ virus ignores the most characteristic feature of
the particle. The viral proteins surround the membrane
rather than being enveloped within it as in the classical
view of membrane viruses such as influenza virus. The
issue of whether ‘‘enveloped’’ is ever an accurate de-
scription for a membrane virus particle remains an
open question. The PRD1 structure provided a substan-
tial advance in the structures of membrane assemblies
(Abrescia et al., 2004; Cockburn et al., 2004).
The Bam35 structure assumes additional significance
in the context of PRD1. PRD1 is a double-stranded DNA
bacteriophage and the prototype member of the Tecti-
viridae. It infects gram-negative bacteria, such as
Escherichia coli and Salmonella enterica. The mature vi-
rion has a molecular mass of 66 MDa and comprises
over 20 distinct protein species. Protein P3 (43 kDa) is
the major capsid protein (MCP) with 240 trimers ar-
ranged on an icosahedral lattice with pseudo-T=4 25
triangulation. Oligomers of protein P31 (14 kDa) occupy
the icosahedral vertices. It associates with the trimeric
P5 protein (34 kDa) and the receptor binding protein
P2 (64 kDa) to form flexible spikes. P30 is an elongated
protein that spans the capsid and is believed to function
as a ‘‘tape measure’’ to fix the size of the virion. (Figure 1)
Bam35 is another member of the Tectiviridae that shares
its overall organization with PRD1, but infects gram-
positive bacteria. Hence, the hosts are quite different.
Infection must utilize different pathways.
Membrane Curvature. The influence of the trans-
membrane proteins on membrane curvature has been
suggested since the structure of Sindbis virus was de-
termined by cryo-EM and image reconstruction (Fuller,
1987). The description of the Bam35 revisits this issue
in a much more rigorous way. The authors used a fitting
of an optimized surface to the features bilayer to
